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LHC – The Large Hadron Collider

The Mont Blanc

Geneva airport

 15 m

 30 ton

 8.33 T

 1.9 K

 12 kA

X 1500



The FEM wokflow
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Model

Builder

1. Top layer:

the user describes the desired 

model, via text input files;

2. Middle layer:

numerical methods necessary 

to formulate the parameters 

needed as input for the API, 

avoiding to use the COMSOL 

GUI. 

3. Bottom layer:

Classes embedding the 

functionalities of the COMSOL 

API.

• 320 domains (cable cross sections)

• Automation as solution
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Governing equations

IFCCISCC

 𝐵(  𝐻)

Eddy

Magnetic Vector Potential

𝛻 × μ−1 𝛻 × A =  Jext + σ𝜕𝑡A + 𝛻 × M

Thermal Balance Equation

𝜎𝐶p𝜕𝑡𝑇 + 𝛻 ∙  𝑞 = 𝑄

𝑄Ohm

Helium Heaters

CLIQ

𝐶p(𝑇, 𝐵, . . ) 𝑘(𝑇, 𝐵, . . )



Inter-Filament Coupling Currents

CERNcourier.com

How to discretize a superconducting cable? 

~100 um

Wilson / Verweij equivalent magnetization

• Formulation

• Equivalent Tau formulation

• Constitutive law

• Ampere-Maxwell LawIf the eddy-currents paths are known a priori, the

equivalent magnetization effect can be directly related to

the change of magnetic flux density

Faraday-Lenz + Ampere-Maxwell 

μ0μr MIFCC = − τeq𝜕𝑡B

B = μ0μr H + MIFCC

σ
𝜕A

𝜕t
𝛻 × M IFCC

Currents’ paths 

don’t have to be 

resolved anymore!
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τeq =
μ0μr

ρeff

𝑙𝑓

2𝜋

2
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τeq =
μ0μr

ρeff (𝑩)

𝑙𝑓

2𝜋

2

Numerical Implementation:

• Coil parameters with a domain-based dependency, to 

handle multi-coils magnets.

• ρeff(𝑩), due to the magneto-resistivity of copper.

τeq as an external C function over the coil domain.

• No numerical instabilities due to 𝜕𝑡B.

Inter-Filament Coupling Currents

The magnetization net contribution is computed as 

a difference of two solutions, with and without IFCC, 

during a linear ramp-up of 100 A/s, at 8 kA. 
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How to turn them off after quench, in a computationally efficient way?

Proposal: If  Tturn > Tc0 then  apply weight function to the calculation of 𝜏𝐼𝐹𝐶𝐶

Inter-Filament Coupling Currents

𝜏IFCC (𝑇, 𝐵) ∈ 𝐶2
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T [K] B [T]
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𝜇0𝜇𝑟𝑴Xover
⊥ = − 𝜏Xover 𝜕𝑡𝑩

⊥
Avg_w

𝜇0𝜇𝑟𝑴adj_w
⊥ = − 𝜏adjw 𝜕𝑡𝑩

⊥
Avg_w

𝜇0𝜇𝑟𝑴adj_n
∥ = − 𝜏adj_n ∗ 𝜕𝑡𝑩

∥
Avg_n

Inter-Strand Coupling Currents

Given a Rutherford cable, 

𝑴ISCL is decomposed in 

three contributions

𝑴Xover
⊥ 𝑴adj_w

⊥ 𝑴adj_𝑛
∥

A generic turn cross-section,

with its local reference system 

𝑛,𝑤 = (𝑥, 𝑦)(𝛼)

• The three contributions are formulated as

• The symbol 𝑿 𝑦 indicates the average of 𝑿 along 𝑦

• The equivalent tau are in first approximation function 

only of the cable parameters, and they are given as 
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1) 𝜕𝑡B𝑥𝑦 → 𝜕𝑡B𝑤𝑛

2) 𝜕𝑡B𝑤𝑛 → 𝜕𝑡B𝑤𝑛

4) M𝑤𝑛 → M𝑥𝑦

3) 𝜕𝑡B𝑤𝑛 → M𝑤𝑛

Inter-Strand Coupling Currents

n
w• Each turn needs two average 

operators (component couplings)

• Equations are function of 𝛼, 

rotation matrices are in place.

• The domain is 𝛼 parametrized, 

equations are defined only once.

The magnetization net contribution is computed as 

a difference of two solutions, with and without ISCC, 

during a linear ramp-up of 100 A/s, at 8 kA. 
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Eddy currents

• The iron yoke is laminated

• Only the structural copper wedges are considered

• Wedges do not form a closed loop.

A constraint is necessary, to prevent a net current.

 Jeddy = σwedge

𝜕A

𝜕t

𝐼eddy =  

Ω

 Jeddy 𝑑Ω = 0

𝐼wedge = 𝐼ext + 𝐼eddy= 0

𝐼ext = 0

COMSOL in-built Coil feature

• The Coil feature is stable 

• The figure shows the eddy currents patters during 

a CLIQ discharge in an MB magnet
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Superconductivity 26.6 (2016): 1-9.

Electromagnetic Losses

Inter-filament and inter-strand coupling losses are 

associated to the magnetic energy density function

𝜕𝑡𝑊 = 𝑴 𝜕𝑡𝑩 [𝑊/𝑚3]

𝜕𝑡𝑊 = τeq 𝜕𝑡B
2

𝜕𝑡𝑊 = τeq 𝜕𝑡B
2

Losses in wedges are calculated 

using the Joule’ Law

𝜕𝑡𝑊 = 𝜌𝑗eddy
2

CLIQ discharge 
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Thermal Balance Equation

Losses  are calculated using 

the Joule’ Law

𝜕𝑡𝑊 = 𝜌𝑗eddy
2

• The transition across the critical surface is 

smoothened with the use of a Sigmoid function

• 𝜌Cu is averaged over the turn domain

• 𝐼crit calculate with the peak of 𝐵 and the average of 𝑇

𝜌 t = 𝜌Cu 𝑇 t, 𝐵 t ∙ 𝜎𝑠

𝐼t

𝐼crit  𝐵t, 𝑇 t

𝜎𝑠 =
𝑦0𝑒

𝑥𝑐 + 𝑦1𝑒
𝑟0𝑥

𝑒𝑟0𝑥𝑐 + 𝑒𝑟0𝑥

Current

sharing

[Ωm]

[K]

15



Thermal Balance Equation

Fourier Law:

𝛻 ∙  𝑞 = 𝛻 ∙ (−𝑘 𝛻𝑇) 𝑘 = 𝑘(𝑇, 𝐵, . . )

• Highly nonlinear material properties

• Complex interaction of thin and bulky, 

insulation and conductive domains

• Complex insulation structure

• Multi-layer (up to 7)

• Multi-material

• Severe, highly dynamic thermal gradients

• Not refined Mesh

Porous inter-layer

insulation spacer

Turn insulation

Insulation foils

Wedge

insulation

… Mr. Prioli managed to reach -1k [K] (the record still holds)
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Thermal Balance Equation

Actual status

• The feature used for modelling the thin layers has 

been recognized to be inconsistent.

• We use instead a so-called “thick layer” 

approximation, that neglects the contribution of 𝐶p. 

This kills the possibility of having a consistent 

modelling for the Quench Heaters! 

• COMSOL support provided us a manual way to 

include 𝐶p in the thick layer. Nevertheless, we 

decided to wait the official release of this feature. 

• The models so far are stable, but if we start to play 

with the thick layers positions, we get again a 

negative temperature.

https://www.comsol.com/community/forums/general/thread/23629/

We cannot simply mesh more: assuming for the solver a 

minimum time step of 1e-6 during quench, and following 

what proposed in

we get for Kapton @ T=10 K a maximum mesh size of 1.2e-

6 m. This would create ~1e5 elements only in insulation 

spacer!
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Nonlinear materials

Cu

NbTi

Kapton

[6] G. Manfreda, Review of ROXIE's material properties database for quench simulation - November 10, 2011, EDMS Internal note

[7] L. Bottura, “A practical fit for the critical surface of Nb-Ti,” IEEE transactions on applied superconductivity, vol. 10, no. 1, pp. 1054–1057, 2000.

𝑘 = 10  𝑛 𝑎𝑛 log10 𝑇𝑛 W

𝑚 𝐾

𝐶𝑝 = 10  𝑛 𝑎𝑛 log10 𝑇𝑛 J

kg K

𝐶p =  𝑛 𝑎𝑛(𝐵) 𝑇𝑛 J

m3 K

𝑘 =
𝑎0𝑇

𝜌Cu(𝑇,𝐵)

W

m K
A piece of NbTi

superconducting cable:

𝜌ohm = 𝜌(𝑇, 𝐵, 𝐽) [Ω m]

• Highly nonlinear

• Discontinuous

• Multi-field dependence

• Multi-parametric dependence

We need to ensure

• Numerical stability

• Easiness in debug

• Scalability

• Maintainability

Helium 𝐶𝑝 =
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Materials C library 

(versioning, storage)

C compiler:

Visual C++ Build Tools (Link)

Dynamic Link Library 

(immutability)

COMSOL external function

T [K] B [T]

J [A/mm2]

k [W/m/K]

T [K] B [T]

k [W/m/K]

Nonlinear materials

T [K] B [T]

𝒌𝐂𝐮 𝑪𝒑 𝐍𝐛𝐓𝐢

𝑱𝒄 𝐍𝐛𝐓𝐢

http://landinghub.visualstudio.com/visual-cpp-build-tools
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A dedicated study has 

investigated the most  

computationally efficient 

management of the 

material properties. A 

simple model was used, 

with 105 mesh elements.

Formulation Sol Time [s] p.u.

C 137 1.01

C parallelized 137 1.01

LUT 161 1.17

LUT optimized 136 1.00

CML analytic 137 1.01

• Plain C code performs as  C+OpenMP.

• Simple LUT performs worse than other options.

• Optimized LUT is performant, but simulaiton-tailored.

• COMSOL in-built analytic funcitons are non trivial to 

implement, and model-dependent.

𝑘 400 [W/(m*K)]

𝜌 1 [kg/m^3]

𝐶p 𝑇2 + 𝐵2 1/2 [J/(kg*K)]

Nonlinear materials
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Handling
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Geometry

• Geometry is automatically handled via the FEM workflow. 

• Geometrical objects are defined in Java, then implemented via 

the API

• The elementary entity is a turn cross-section

• Turns implemented as polygons

• edges of the Inter-layer spacer turn into splines! Complex management

• Parametric curves have been tested, then abandoned

• Excessive number of entities (~1h  model generation)

• Excessive Difficulty to match the vertexes 

• Curves are actually spline-approximated

• High risk for geometry inconsistency

• Union tolerances beyond the size of model details

Entities

no Of Turns

User
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Mesh

Elements

Resolution

• Combination of two species:

- Mapped (coil, wedges, fishbone)

- Triangular (iron, air)

• Mesh has to be as lean as possible

• 15 k elements for MB

• Minimum resolution to ensure stability

and convergence of the solver

• Quality histogram for triangular elements 

Contact point between turns, turns’ insulation foils, 

wedges and the fishbone. Almost each thermal 

instability (T<0) was located here.

Wedge
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Geometry and Mesh

In case a local refinement is necessary (e.g. Quench Heater ), the mapped mesh is compromised.Elements

Boundary Layers? Triangular elements?
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SolverSolver

Family

Algorithm

Time step

Parameters

• MUMPS

• Direct (Newton)

• Jacobian updated at every iteration

• Backward Differentiation Formula

• Variable order (1-5)

• Strict time-stepping scheme 

• Global absolute tolerance = 1e-3

• Initial time step =  1e-6 [s]

• Max time step = 500e-6 [s]

• Max Newton iterations = 10

This solver configuration is our workhorse

• It has proven to be sufficiently stable over a 

wide variety of quench scenarios and 

magnet designs

• Not extensively tuned for high performance 

computation. It has to be better tailored to  

improve the simulations

• Lack of the possibility of setting a minimum 

time step

Discretization • 2nd order for  𝐴z

• 1st order for 𝑇
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Conclusions

Governing equations Nonlinear materials Geometry and Mesh Solver

A 𝑇 Cable

CoolantInsulation
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ParametersDynamics
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Handling

1. T < 0 K !

2. IFCC switch-off 

R&D

3. Quench Heaters

Cp in thick layers

1D model

1. External He bath 

missing

Extensive R&D

1. Parametric curves not 

suitable 

more code to write

2. Spacer meshing

expertise needed

1. Parameters tuning

expertise needed





Annexess

30



31

Results – Magnetic field

• nominal current • Linear ramp-up of 100 A/s

• 8 kA 

Magnetic flux density [ T ] Eddy-currents equivalent magnetization [ A/m ]
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Results – Magnetic field

 Linear current ramp-up: of 100 A/s, up to 11.85 kA

Magnetic flux density [ T ] Eddy-currents equivalent magnetization [ A/m ]
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Results – Heat Balance

• Three orders of magnitude 

higher than the eddy-currents 

losses 

Eddy-currents losses [ W/m3 ] Ohmic losses [ W/m3 ] Temperature [ K ]
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Results – Heat Balance

Eddy-currents losses [ W/m3 ] Ohmic losses [ W/m3 ] Temperature [ K ]
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Vector 

Potential

Heat Balance

Equation

Cu

NbTi

Nb3Sn

Kapton

G10

Helium

Elements
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Parameters

IF-IS CC

Eddy 
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